Abstract-Scheduling in a Downlink channel based on partial Channel State Information at the Transmitter (CSIT) is carried out in an opportunistic way, where several orthogonal beams are randomly generated at the Base Station transmitter to simultaneously deliver several users with their intended data. However, in practical wireless scenarios the CSIT is imperfect due to non-accurate estimation, so that robust schemes are required to meet the system demands. The paper presents a robust approach through a power allocation over the transmitting beams, where a minimum rate per user restriction is required for each scheduled user, standing as a potential Quality of Service (QoS) indicator for the system behaviour. The proposed scheme is efficiently solved through convex optimization tools and later compared to a full CSIT beamforming scheme under QoS restrictions.
I. INTRODUCTION
One of the major multiantenna transmission techniques within partial CSIT scenarios is the Multibeam Opportunistic Beamforming (MOB), where several beams are generated at the Base Station (BS) to serve various users at the same time, obtaining an additional multiplexing gain [1] . Its partial CSIT is in the form of Signal-to-Noise-Interference-Ratio (SNIR) that seems to be quite reasonable in commercial wireless systems.
While sum rate has typically been considered as the objective of MOB [1] , an alternative approach that focuses on the QoS of the served users is required for a system implementation. A potential concept for QoS is through the minimum rate per user, that enables each scheduled user to properly decode and manage its received signal with a predefined Packet Error Rate (PER).
Previous studies have shown [2] that the user satisfaction is insignificantly increased by a service rate higher than the user demands, while on the other hand, if the provided rate falls below its requirement, the satisfaction drastically decreases [3] . Thus, an attractive transmission scheme is accomplished by meeting the minimum rate requirement for each scheduled user while minimizing the total transmitted power.
Few QoS studies for the multibeam opportunistic beamforming are suggested in literature. This is mainly due to the cross interference terms that MOB originates in the multiuser scenario, as every user receives an interference component from each one of the generated beams, while only partial CSIT is available. This paper presents the QoS fulfillment of MOB as an optimization problem that can be solved by Convex Optimization tools [4] to minimize the total transmitted power.
In practical wireless scenarios, the SNIR information available at the transmitter is not perfect due to feedback quantization, limited duration of the training step and/or non-accurate estimation during the training process. Motivated by this fact, the paper presents a practical power allocation scheme that is robust to the uncertainty in the partial CSIT. This robust power allocation strategy is also intended to minimize the total transmitted power, constrained to specific QoS regulations in terms of minimum rate requirements.
Previous work in [5] assumed that the uncertainty happens in the received power from each transmitted beam, which stands as a practical aspect when envelope detectors are used to measure the received power level. [5] was the first approach to deal with the uncertainty problem in MOB, however, the current paper presents a general framework for robust designs to account for additional uncertainty sources, where the imperfectness is assumed through the channel estimation process. This enables to consider other uncertainty causes in the system rather than the envelope detector, so that incorrect channel detection due to a short training step [6] and feedback quantization errors [7] , among others, can be managed by the presented uncertainty framework in this paper. This framework also allows to compare the suggested strategy to other multiantenna transmission techniques, where a comparison to the robust Zero Forcing Beamforming (ZFB) [7] is presented.
The remainder of this paper is organized as follows: while section II deals with the system model, in section III a review of the multibeam opportunistic procedure is presented, where a power allocation for QoS fulfillment with perfect partial CSIT is discussed. Section IV presents the proposed robust power allocation scheme followed by the simulations in section V, where a comparison to ZFB is accomplished in an imperfect CSIT scenario. The paper finally collects the conclusions in section VI.
II. SYSTEM MODEL
We focus on the Downlink channel where N receivers, each one of them equipped with a single receiving antenna, are being served by a transmitter at the BS provided with n t transmitting antennas, and supposing that N is greater than n t . A multiantenna channel h [1×n t ] is considered between each of the users and the BS where a quasi static block fading model is assumed, which keeps constant through the coherence time, and independently changes between consecutive time intervals with independent and identically distributed (i.i.d.) complex Gaussian entries ∼ CN (0, 1). Let x(t) be the n t × 1 transmitted vector, while denote y i (t) as the i th user received signal given by
where z i (t) is an additive complex noise component with zero mean and E{|z i | 2 } = σ 2 . The transmitter delivers service to n t simultaneous users, so that a more compact system formulation is obtained by stacking the received signals and the noise components of the set of n t selected users as y(t) = H(t)x(t) + z(t), with H(t) = [h 1 (t); ...; h n t (t)] as the compound channel. Notice that the transmitted signal x(t) encloses the uncorrelated data symbols s i (t) to each one of the selected users with E{|s i | 2 } = 1. For ease of notation, time index is dropped whenever possible.
III. MULTIBEAM OPPORTUNISTIC BEAMFORMING
One of the main transmission techniques in multiantenna scenarios is MOB [1] , where n t random orthonormal spatial beams ({b i } nt i=1 ) are generated at the BS to simultaneously serve more than one user. Within the acquisition step, each one of the users sequentially calculates the SNIR that it receives from each beam, and feeds back these values to the BS 1 . The BS scheduler chooses the user with the largest SNIR value for each one of the beams, enters the transmission stage and forwards every one of the selected users with its intended data, where no user can obtain more than one beam at a time.
This multibeam strategy achieves high system sum rate by serving several users at the same time, making the transmitted signal to enclose the data symbols for the n t selected users as
with b m as the beam assigned to the m th user, and p m as the assigned power to that beam. The matrix B = [b 1 , ..., b nt ] is randomly generated following an orthonormal policy to produce the lowest possible interference among the served users, while P 1/2 is a diagonal matrix with p 1/2 m as its diagonal entries. Notice that this formulation is an upgraded version of [1] , as a power loading P over the transmitted beams is incorporated thanks to the larger feedback load of the presented scheme.
The system sum rate capacity of the MOB scheme can be written [1] as 1 Notice that this scheme saves 50% of the full CSIT feedback load. Other proposals in [1] or [8] apply thresholds and/or highest SNIR feedback to further decrease the feedback, but feedback reduction objectives are out of the scope of this paper.
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where it appears the SNIR term due to the interference that each beam generates to its non-intended users, representing a major drawback of this system. The SNIR formulation for the i th user through the m th beam, with several transmitting beams, is as
where h i b m = c i,m and h i b u =m = d i,u denote the equivalent channel seen by the i th receiver with respect to each one of the n t generated beams. Note that the BS scheduler receives n t SNIR values from each one of the users, so that for each one of the scheduled users, the BS can calculate the values of |c i,m | 2 and |d i,u | 2 from direct matrix algebra calculations with n t unknowns within n t equations.
To select the n t users within the training step, a uniform power allocation is applied over all the beams in equation (4), but to guarantee the QoS for the selected users, a power allocation strategy is next presented.
A. QoS in Multibeam Opportunistic Beamforming
The requirement of a certain system QoS is presented in terms of a minimum rate value per user, where each scheduled user needs for this minimum rate to detect and manage its received signal. This is easily accomplished when a single user is scheduled at a time, so that through the power control, the delivered rate is regulated to the user requirements, but when several simultaneous users are scheduled through MOB, with cross interference terms among them as shown in (4), then this task is not a trivial one.
The problem can be formulated through a minimization of the total transmitted power (P t ) over all possible power loading matrices (P), while the minimum rate requirements are presented by minimum SNIR per user restrictions (snir th i ) as follows
where although this formulation is widely used in literature [9] [10], but this paper characterizes it for the MOB scheme with partial CSIT. Note that the total transmitted power for MOB is expressed as P t = T r(BPB H ) = T r(P) because of the orthonormal transmitter processing matrix B, so that together with the consideration of the SNIR expression in (4), makes the optimization problem in (5) to particularize for the multibeam opportunistic case as
that stands as a linear programming problem [4] solved through any convex optimization software. Remind that the SNIR constraints must be satisfied for all the selected users, where the set of loading matrices P who satisfy these constraints are called the problem feasibility region S P , that depends on the equivalent channels (HB) of the selected users and on the required SNIR values snir th i for each one of them as S P HB, snir
with P as the set of all diagonal and positive definite n t × n t matrices. The feasibility region is an important characterization for the opportunistic schemes, as not all the required sets of snir th i can be achieved by the system due to the cross interference terms among the served users.
IV. A ROBUST POWER ALLOCATION SCHEME
In practical wireless scenarios the channel information available at the transmitter is not perfect due to feedback quantization, limited duration of the training step and/or nonaccurate estimation at the receiver side. The design of an opportunistic transmission scheme that not only requires for partial CSIT, but also being robust to uncertainty in the already partial information available to the transmitter, is a challenging but definitely required aspect for commercial implementation. Motivated by this fact, the paper presents a robust power allocation strategy to minimize the total transmitted power, while meeting the minimum SNIR requirements in opportunistic partial CSIT scenarios.
Notice that in the MOB scheme the generation of the B matrix is independent of the channel information, so that regardless of the CSIT quality, the B matrix can not be robustly designed. Also from the opportunistic policy, the users are only selected on the basis of the SNIR measures that they feed back to the BS, so that robust selection for multibeam schemes can neither be realized if all the users share the same uncertainty region in their measurements, which is the most frequent case in commercial systems.
The only tool that remains for the transmitter to deliver a robust transmission scheme is the power loading over the generated beams to meet some predefined minimum rate requirements, so that once the users are selected, the power loading has to take into consideration that the SNIR measures reflecting the actual channel quality for each selected user are imperfect, therefore the power loading has to consider the worst case scenario to guarantee that the QoS requirements are always met, while the minimum transmitted power is realized.
Back to equation (4) and considering that the measurements are imperfect, the SNIR reformulates as represent the exact equivalent channel powers that are unknown to the transmitter side due to the uncertainty, with δ i,m being the error in the equivalent channel estimation. The value of δ i,m is assumed to be an unknown amount bounded by an uncertainty region with maximum power . Observe that the estimation process is independent for each transmitted beam, so that δ i,m = δ i,n for m = n. While [5] considered the special case of the uncertainty due to an envelope detector at the receiver side, here in this paper, the uncertainty δ i,m is assumed in the equivalent channel itself, thus it accounts for all uncertainty sources (e.g. non-accurate channel estimation, short training step, ...).
Note that in contrast to the perfect partial CSIT case in (4), SN IR c i,m depends on both the power loading and the level of uncertainty in the received power from each transmitted beam, so that by using the SNIR formulation in (8), the power allocation problem with QoS constraints under the imperfect CSIT case stands as
to indicate that even the measured SNIR are imperfect, the transmitter has to allocate the power in such a way to satisfy the QoS restrictions whatever is the uncertainty, obviously bounded by a maximum power . In contrast to the developed robust approaches in [9] [10] where a joint optimization of both the transmitting beams and the power allocation is performed, the opportunistic schemes with its partial CSIT can only optimize the transmitted power as already mentioned, so that each constraint in previous problem stands as a hyperplane which always defines a convex set [4, Chp.2] . Furthermore, as the previous minimization has to be accomplished over all users and kinds of uncertainty within the maximum power , the intersection over a set of hyperplanes is also a convex set [4, Chp.2] , allowing the problem to be easily solved through any convex optimization software. As the system is restricted not only by the equivalent channel realization and the snir th requirements, but also by the level of uncertainty in the power measurements, then a smaller feasibility region S P δ than the perfect CSIT case is obtained as
where δ denotes all the uncertainty components in the SNIR value. Notice that the power allocation has to be performed for all cases of uncertainty, so that a worst case calculation is needed to guarantee the QoS fulfillment in (9) . If the user delivers an SNIR value lower than its actual channel SNIR, then the transmitter will allocate more power to that user to satisfy its QoS, thus incurring in higher transmitted power and higher interference components, but it ensures the minimum rate to be satisfied 2 . On the other hand, if the user reports an SNIR value that is higher than its actual channel SNIR, then the transmitter allocates less power than required and the QoS is not met. The worst case for QoS fulfillment is thus defined by the situation that results in an estimated SNIR value higher than the actual SNIR value.
Inspecting the SNIR formulation in (8) and realizing that there exist n t sources of uncertainty, then a higher SNIR value is obtained if the uncertainty in | c i,m +δ i,m | makes the numerator to increase or if any uncertainty in the interference components d i,u +δ i,u makes the denominator to decrease where, obviously, the worst case scenario relates to both simultaneous conditions. Considering the numerator case, note that the highest value is obtained if the uncertainty aligns with the equivalent channel c i,m obtaining an expression
and using the same procedure for the denominator, the worst case SNIR expression SN IR wc stands as
Therefore, the robust power allocation employs the feedback SNIR measures (remember that | c i,m | is unknown to the transmitter) and the maximum uncertainty value, to reformulate the problem in (9) for the worst case scenario as
that is a linear programming problem, numerically solved by any convex optimization software; where the previous expression guarantees the SNIR minimum snir th for all the scheduled users, whatever is the effect of the uncertainty in the measurements for each transmitted beam, obviously, as long as the uncertainty remains within a maximum power .
The parameter is usually seen in literature as a drawback for the application of the robust schemes, but a further consideration of the practical systems, sheds the light on the different ways to get this parameter. If the uncertainty mainly comes from the feedback quantization process, then is easily obtained as the quantization step [7] . On the other hand, if the uncertainty comes from a short training period, then the relation "training time vs. uncertainty" is also known [6] .
V. SIMULATIONS
The paper tests for the performance of the presented robust opportunistic scheme in a wireless cell with n t = 4 and σ 2 = 1 through Monte Carlo simulations. An Indoor complex i.i.d. Gaussian channel with ∼ CN (0, 1) entries is simulated where a bandwidth B w = 1MHz is assumed together with a demanded QoS restriction of 500 kbps. It is interesting to compare the behaviour of both the robust scheme in (13) and the non-robust scheme in (6) when the level of uncertainty starts to increase, to show the benefits of the proposed robust strategy when applied to a more realistic scenario where the CSIT is imperfect. Fig. 1 exhibits the performance of both schemes with a varying level of uncertainty , and it shows the failure in the QoS fulfillment for the non-robust strategy as the level of uncertainty increases, where due to the cross interference terms, a failure in the QoS requirement for a specific user usually drags all the other users to fail in their QoS fulfillment.
In order to compare the performance of the proposed scheme to other non-complex practical transmission schemes, the ZFB is a linear beamformer that offers high performance but at the expenses of full CSIT requirements, where [7] presents a robust ZFB under QoS restrictions within an imperfect full CSIT scenario. Opportunistic schemes have an implicit user selection strategy for their direct application over cellular systems with high number of active users, while on the other hand, ZFB requires for an attached user selection strategy to choose the best n t users to award them service. A high performance and low complexity selection scheme suggested by [11] is implemented to realize a comparison between the performance of both the opportunistic and ZFB schemes in a wireless cell with a minimum rate of 140 kbps and = 0.1. A small rate value is used to remain within the feasibility region for both schemes in the considered scenario, as a larger required rate cannot be satisfied with the available number of users and the scenario uncertainty level. Fig. 2 exposes the performance of both schemes for a variable number of active users, and how the presented robust MOB requires for lower power than the robust ZFB technique to meet the QoS constraints for a number of users lower than 10. Also observe that the robust MOB scheme has a feasibility region larger than the one corresponding to robust ZFB, as the system restrictions can be met in scenarios with smaller number of users.
While in Fig. 2 we fix the uncertainty and show the system performance as the number of users changes, now in Fig. 3 we fix the number of users and see the system behaviour for an increasing level of uncertainty. Notice how the robust ZFB seems to be better than the opportunistic scheme for larger uncertainty values, but as the uncertainty continues to increase, then the ZFB approaches its feasibility region which explains the sudden increase in its required power. This shows that the robust opportunistic strategy is an attractive scheme under QoS of minimum rate constraints, that with a 50% feedback load saving it outperforms a full CSIT scheme for certain scenario conditions. 
VI. CONCLUSIONS
The paper presents the performance of the multibeam opportunistic scheme when the system is restricted by a QoS in terms of a minimum rate per user, which is a very practical approach for the implementation of any opportunistic scheme.
To account for more realistic transmission environments, the paper proposes a power allocation strategy that is robust to the uncertainty in the CSIT, where a system that operates with partial and imperfect CSIT is a very attractive option in commercial wireless systems. The worst case scenario for the power loading procedure is calculated when the uncertainty is in the channel measurements, and the performance of this strategy is compared to the robust ZF scheme, showing better results for certain environments, while the robust MOB is operated with partial CSIT.
